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LOW DEFECT DENSITY (GA, Al, IN) N AND
HVPE PROCESS FOR MAKING SAME

CROSS-REFERENCE TO RELATED
APPLICATTIONS

This 1s a continuation of U.S. application Ser. No. 09/179,
049, filed on Oct. 26, 1998 now pending.

This claims the priority of U.S. provisional patent appli-
cation No. 60/063,249 filed Oct. 24, 1997 1n the names of
Robert P. Vaudo, Joan M. Redwing, and Vivek Phanse for
“LOW THREADING DEFECT DENSITY (Ga, Al, In)N
AND HVPE PROCESS FOR MAKING SAME. This appli-
cation 1s also a continuation-in-part of U.S. application Ser.
No. 08/984,473 filed Dec. 3, 1997 now U.S. Pat. No.
6,156,581 which 1n turn claims the priority of U.S. provi-
sional patent application No. 60/031,555 filed Dec. 3, 1996
in the names of Robert P. Vaudo, Joan M. Redwing, Michael
A. Tischler and Duncan W. Brown. This application 1s also
a confinuation-mn-part of U.S. application Ser. No. 08/955,
168 filed Oct. 21, 1997, now abandoned 1n the names of
Michael A. Tischler, Thomas F. Kuech and Robert P. Vaudo,
which 1n turn 1s a continuation-in-part of U.S. patent appli-

cation Ser. No. 08/188,469 filed Jan. 27, 1994 and 1ssued
Oct. 21, 1997 as U.S. Pat. No. 5,679,152.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to a low defect density,

substantially crack-free (Ga,Al,In)N material, useful for
fabrication of Group III-V nitride devices, and also relates
to a hydride vapor phase epitaxy (HVPE) process for

making such low defect density, substantially crack-free
(Ga,AlLIn)N material.

2. Description of the Related Art

(Ga,Al,In)N materials have long been considered for
potential device applications, mcluding UV-to-green light
emitting diodes, lasers and detectors, as well as various other
high temperature, high power, and/or high frequency elec-
tronic devices. The appeal of (Ga,Al,In)N materials for such
applications 1s that the band gap of such material can be
adjusted by correspondingly varying the composition, to
yield band gap values in the range of from 1.9 to 6.2 electron
volts (eV).

The potential of GaN and related materials associated
with such wide energy bandgap enables a myriad of devices
ranging {rom ultraviolet laser diodes to solar blind detectors.
The key to realizing this potential is fabricating high quality
material. The use of high quality lattice-matched native
nitride substates would be an 1deal template on which to
fabricate such high quality material. Unfortunately, a
suitable, high quality lattice-matched substrate for (Ga,Al,
In)N does not exist. As a result, poor lattice-match materials
such as sapphire have been used as a substrate 1n prior art
attempts to grow suitable (Ga,AlIn)N layers for device
fabrication. Due to the lattice mismatch, the (Ga,AlLIn)N
layers grown on sapphire or related materials are character-
1zed by a large defect density. The art has proposed the use
of bufler layers to compensate for the lattice-mismatch, but
such approach has not been satistactory in yielding useful
base structures for device fabrication.

The majority of the defects 1n heteroepitaxially grown
GaN are threading dislocations (TDs) which are associated
with the misiit between the GaN and substrate. GalN grown
on sapphire, silicon carbide or other similarly poorly lattice-
matched substrate, typically contains greater than 10% dis-
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2

locations per cm” of surface. The dislocations form to
accommodate the difference 1n lattice constant between the
substrate and GaN material grown on the substrate. Defects/
dislocations generated 1n the imitial layer propagate to the
active region of the device. In addition, similar dislocations,
although lower 1n density, occur because of lattice constant
differences between the individual layers of the device.

Although dislocations have long been known to be a
serious problem for conventional Group III-V devices, only
recently has there been direct evidence that dislocations are
assoclated with undesirable materials characteristics and
device problems 1n the III-V nitride system. A correlation
exists between mixed character threading dislocations and
non-radiative recombination centers and when the density of
dislocations is greater than ~10° cm™>, negatively charged
dislocations can be the dominant scattering source in GalN.
Further, compositional and growth rate imhomogeneities,
including V-defects, originate at the site of threading dislo-
cations and, as may be shown by Electron Beam Induced
Current (EBIC) investigation, dislocations may also serve as
a path for Mg migration.

As an example of such defect-impacted performance
character, for a (Ga,Al,In)N-based ultraviolet laser diode as
an 1llustrative device structure, more than 2 orders of mag-
nitude increase 1n the lifetime of the ultraviolet laser diode
may be achieved by suitable formation of the GaN film
material with a substantially reduced density of defects in
the material.

Thus, the large lattice constant and thermal coeflicient of
expansion (TCE) mismatch between the epitaxial films and
foreign substrates results 1n a high density of optically and
clectrically active defects which limit device performance

and lifetimes. There 1s therefore a compelling need to lower
the defect density in (Ga,AlIn)N materials.

With respect to the (Ga, Al, In)N material of the present
invention as hereimnafter described, the art generally has
taught away from the process conditions for growth of (Ga,
Al, In)nitride materials that are employed in the practice of
the present mnvention. The art has, therefore, not achieved a
dislocation density less than 10" cm™ for crack-free areas
larger than 1 cm”®. A summary of the relevant teachings of
the art 1s therefore set out below, by which the advance and

achievement of the present invention may be better appre-
ciated. Perkins et al. (N. R. Perkins, M. N. Horton, Z. Z.

Bandic, T. C. McGill, and T. F. Kuech, Mat. Res. Soc. Symp.
Proc. 395 (1996) 243) describes the effect of growth tem-
perature on the crystallinity of a GaN film produced by

HVPE and the use of growth temperatures in the range of
1030° C. to 1050° C. Such growth conditions are disclosed

to minimize the full width half maximum (FWHM) of
double crystal x-ray diffraction peaks over the temperature
range of 850° C. to 1100° C. At the same time, the width of
the photoluminescence excitation was not improved by
using lower temperatures in this study. Perkins et al. recog-
nized that “under non-optimum growth conditions, occa-
sional pits are noted along the surface . . . [that] vary in size
and distribution,” and they observed cracking in films that
were greater than 20 um 1n thickness.

Molnar et al. (R. J. Molnar, W. Gotz, L. T. Romano, N. M.
Johnson, J. Cryst. Growth, 178 (1997) 147.) disclose that
higher growth temperature and slower growth rates flattened
out hexagonal islands, (i.e., produce smoother surface
morphology).

Hwang et al. (J. S. Hwang, A. V. Kuznetsov, S. S. Lee, H.
S. Kim, J. G. Choti, and P. J. Chong, J. Cryst. Growth, 142
(1994) 5) describe surface morphology improvements with
increased growth temperature.
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Nickl, et al. (J. J. Nickl, W. Just, and R. Bertinger, Mat.
Res. Bull. 9 (1974) 1413) disclose that a growth temperature
of 1030° C. optimized the ratio of near band edge photolu-
minescence emission (by a greater extent in the case of
higher quality films) to deep level emission at ~2.2 eV.

Melnik et al., (Y. V. Melnik et al., MRS Internet Journal,
2 (1997) article 39) grew GaN on SiC substrates and etched
away the S1C by reactive 1on etching. The GaN dimensions
were at most 7 mm per side, limited by TCE-related crack-
Ing.

Poroswski, et al. (S. Poroswski, et al., Mat. Res. Soc.

Symp. Proc. 449 (1997) 35) report free-standing GaN as
large as 0.7 cm”® by high pressure sublimation.

Usui, et al. (A. Usui, et al., Jpn. J. Appl. Phys. 36 (1997)
899) describe low defect density thick HVPE GaN epitaxial
growth producing a defect density of 6x10’ defects/cm” at
ogrowth rates of up to 100 microns per hour. The GaN was
grown on S10, patterned substrates.

Romano, et al. (L. T. Romano, B. S. Krusor, and R. J.
Molnar, Appl. Phys. Lett. 71 (1997) 2283) describes forma-
tion of GaN material with a defect density of 5x10” ¢cm™ at
the upper surface of the material and discloses that “many of
the threading dislocations are not perpendicular to the sur-
face; therefore, dislocation reactions can occur with increas-
ing {ilm thickness.”

Thus, the art generally has taught away from the process
conditions for growth of (Ga, Al, In)nitride materials that are
employed 1n the practice of the present imnvention. The art
also has not achieved a dislocation density less than 10’
cm™ for crack-free areas larger than 1 cm?®.

The art teaches the use of a two step growth process for
the growth of GaN-based materials. Relative to the two step
process ol the present invention hereinafter more fully
described, the first step 1n prior art processes 1s, however,
carried out at substantially lower temperature (400—-600°
C.), the first step growth layer is much thinner (<200 nm in
all cases), and the role of the first step in such prior art
processes 1s to promote uniform surface coverage or nucle-
ation on the substrate. Defect density less than 10° cm™
have not been achieved using this method. The first layer 1n
the prior art processes 1s amorphous or highly defective.

U.S. Pat. No. 5,563,422 1ssued Oct. 8, 1996 to S. Naka-
mura et al. describes a galllum nitride-based III-V com-
pound semiconductor device having a gallium nitride-based
[II-V compound semiconductor layer on a substrate, and an
ohmic electrode provided in contact with the semiconductor
layer. The substrate may be sapphire or other electrically
insulating substrate.

In the Nakamura et al. patent, the GaN layer provided on
the substrate 1s formed by MOCVD. In practice of the
teachings of the Nakamura et al. patent, the GalN nucleation
layer thickness achievable 1s only on the order of 100 A. The
defect density in the nucleation layers i1s thought to be high,
perhaps on the order of 1E11 cm™ or greater, and yields a
defect density of 1E9 to 1E10 c¢cm™ or greater in the
subsequently grown GaN layer.

U.S. Pat. No. 5,385,562 1ssued Jan. 31, 1995 to T. D.
Moustakas describes a method of preparing highly insulat-
ing GaNlN single crystal films by MBE by a two step growth
process that includes a low temperature nucleation step and
a high temperature growth step. The low temperature nucle-
ation process is carried out at 100-400° C., resulting in an
amorphous GaN nucleation layer of thickness between 200
and 500 A. The defect density 1n the nucleation layer 1s 1E11
cm™~ or greater, and yields a defect density of 1E9 to 1E10
cm™~ or greater in the subsequently grown GaN layer.
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Japanese Patent 60-256806 to Akasaki et al. describes an
AIN nucleation step, grown at 600° C. to thicknesses of
approximately 50 nm by MOCVD. Similarly, the defect
density in the nucleation layer 1s thought to be high, e.g.,
1E11 cm™ or greater, and yields a defect density of 1E9 to
1E10 cm™~ or greater in the subsequently grown GaN layer.

It would be a substantial advance in the art to utilize
substrates such as sapphire, on which (Ga,AlIn)N could be
reliably and reproducibly grown with a substantially reduced
defect density, as compared for example to the defect levels
which are typically achieved by growth of epitaxial layers of
GaN on sapphire, by molecular beam epitaxy (MBE), metal-
organic vapor phase epitaxy (MOVPE), and prior art hydride
vapor phase epitaxy (HVPE).

It therefore 1s an object of the present invention to provide

a low defect density (Ga,Al,In)N material and a process for
making same.

It 1s another object of the invention to provide a low defect
density, substantially crack-free (Ga, Al, In)N material
which 1s homogeneous over a large area.

It 1s still another object of the invention to provide
(Ga,Al,LIn)N material on lattice-mismatched materials such
as sapphire, which has a substantially reduced level of
defects relative to (Ga,Al,In)N produced by the prior art.

It 1s another object of the invention to provide a low defect
density, large area, substantially crack-free (Ga,AlIn)N
material on lattice mismatched materials which are remov-
able to enable low defect density, large areca, substantially
crack-free, free-standing (Ga,ALIn)N material.

It 1s yet another object of the present invention to provide
(Ga, Al, In)N material on lattice-mismatched materials such
as sapphire, with or without buffer layers, surface
preparation, nucleation layers, or other intermediate layers
between the substrate and the (Ga,AlIn)N material.

It 1s another object of the invention to provide a two-stage
orowth technique that overcomes the deficiencies of the
prior art.

Other objects and advantages will be more fully apparent
from the ensuing disclosure and appended claims.

SUMMARY OF THE INVENTION

The present invention relates to a low defect density,
substantially crack-free (Ga,Al,In)N material, useful for
fabrication of Group III-V nitride devices, and also relates
to a vapor phase epitaxy process for making such low defect
density, substantially crack-free (Ga,AlIn)N material.

In one aspect, the invention relates to a low defect density,
large area, substantially crack-free (Ga, Al, In)N material.
Such material may be of a free-standing type, or alterna-
tively may be supported on a lattice-mismatched template
material.

In another aspect, the present invention relates to a low
defect density (Ga, Al, In)N material, formed on a substrate
compatible therewith, in which defects of the (Ga, Al, In)N
material are predominantly threading dislocations (TDs) that
are angled with respect to the growth direction. In a specific
embodiment, wherein the (Ga,AlIn)N material is GaN and
the substrate comprises (0001) sapphire, the TDs are angled
with respect to the [0001] growth direction.

In another aspect, the invention relates to a low defect
density, substantially crack-free (Ga,AlLIn)N material,
which 1s homogeneous over large arca, wherein the X,y
dimensions preferably exceed 10 mm, and more preferably
exceed 20 mm and most preferably exceed 40 mm.

In another aspect, the invention relates to a low defect
density (Ga, Al, In)N material, formed on a substrate com-
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patible therewith, in which defects of the (Ga, Al, In)N
material are predominantly threading dislocations (TDs) that
are angled with respect to the growth direction, as measured
with respect to (Ga, Al, In)N growth on (0001) sapphire in
the <0001> direction, wherein at least 10% of such dislo-
cations have a tilt angle that is 1n the range of from about 0.1
to about 40°, more preferably with at least 40% of the
dislocations having a tilt angle in the range of from about 0.1
to about 40°, and most preferably with at least 70% of the
dislocations having a tilt angle in the range of from about 0.1
to about 40°.

As used 1n such context, the tilt angle 1s the included angle
between the growth direction of the (Ga, Al, In)N being
formed on the substrate and the line defined by a linear
secgment of a single threading dislocation 1n such materal.

In another aspect, the present 1nvention relates to a low
defect density (Ga, Al, In)N material, formed on a substrate
compatible therewith, in which defects of the (Ga, Al, In)N
material are predominantly mixed type threading disloca-
tions (TDs). In a specific embodiment, wherein the (Ga, Al,
In)N material is GaN and the substrate comprises (0001)
sapphire, the Burgers vectors lie along either of +/-1,0,-
1,1], +/-[0,1,-1,1] or +/-[1,1,-2,1].

In another aspect, the present 1invention relates to a low
defect density (Ga, Al, In)N material, formed on a substrate
compatible therewith, in which defects of the (Ga, Al, In)N
material are predominantly mixed type threading disloca-
tions (TDs), wherein at least 60% of all threading disloca-
tions have mixed character, more preferably at least 75% of
all threading dislocations have mixed character, and most
preferably at least 90% of all threading dislocations have
mixed character.

In another aspect, the present invention relates to a
substantially crack-free (Ga, Al, In)N material which
enables the deposition or placement thereon of subsequent
substantially crack-free (Ga,Al,In)N layers.

The substrate for the (Ga, Al, In) N material may comprise
sapphire, silicon, silicon carbide, diamond, lithium gallate,
lithium aluminate, zinc oxide, spinel, magnesium oxide,
gallium arsenide, silicon-on-insulator, carbonized silicon-
on-insulator, gallium nitride, etc., including conductive as
well as 1nsulating and semi-insulating substrates, twist-
bonded substrates, compliant substrates, etc.

The low defect density material may be of significant
thickness, e.g., greater than 100 micrometers in thickness (in
the growth direction). The low defect density material has a
defect density, measured on sapphire as a reference material,
that is less than about 10’ defects/cm” at the upper surface
of the material, and more preferably less than about
10°defects/cm® at the upper surface of the material. Such
defect densities are described as a number of threading
dislocations per unit area at an upper surface of the material.

In a further aspect, the present invention relates to a
method of forming such a low defect density material, by
growing a (Ga, Al, In) N film on a compatible substrate by
VPE at what have been traditionally viewed by the prior art
as “sub-optimum”™ growth conditions for sufficient time and
under sufficient growth conditions yielding a substantially
crack free (Ga, Al, In) N film in which the defects are
predominantly threading dislocations that are angled with
respect to the growth direction.

For example, 1n any given set of process conditions for
growing a (Ga, Al, In) N film, a process variable may be
selectively varied to determine the “traditional optimal”
process condition for that variable, at which the optimum
surface morphology, crystallinity and defect density are
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obtained for thinner growth layers (less than 10 microns).
[llustrative of such process variable are growth temperature,
ratio of precursors for vapor-phase film formation, growth
pressure and growth rate.

Once the traditional optimal process conditions of the
selected process variable are determined, for best surface
morphology, crystallinity and defect density of thinner base
layers, “low surface mobility” process conditions for the
selected variable, still 1n the vicinity of the traditional
optimal value, can be determined, at which the defects 1n the
vicinity of the film/substrate interface 1s a denser network of
tangled defects (mixed defects) which transition with
increasing {1lm thickness to defects which are predominantly
threading dislocations that are angled with respect to the
growth direction. Such low surface mobility process condi-
fions may thus be determined readily without undue experi-
mentation by those of ordinary skill in the art, by selectively
varying the HVPE process variable, and examining the
defect structure and density in the resulting film material.
Such process variables may for example include growth
temperature and/or growth rate. The low surface mobility
process condition may therefore include a lower growth
temperature than the temperature that is utilized for tradi-
tional optimal growth, and/or a higher growth rate than the
orowth rate that 1s employed for traditional optimal growth.
Other process conditions that may be alternatively or addi-
tionally employed to potential advantage 1n the practice of
the 1nvention are increased growth pressure conditions, and

decreased V/III ratio of reactants for the growth process.

The substrate upon which the (Ga,ALIn)N material is
deposited can be tailored to enhance the properties of the
(Ga, Al, In) N material. The substrate material can be chosen
so that 1t can be easily removed 1n situ or ex situ, to yield the
(Ga, Al, In) N material as a free-standing film, by a process

as described 1n co-pending U.S. patent application Ser. No.
08/955,168 filed Oct. 21, 1997 1n the names of Michael A.

Tischler, Thomas F. Kuech and Robert P. Vaudo for “Bulk
Single Crystal Gallium Nitride and Method of Making the
Same,” and U.S. Pat. No. 5,679,152 1ssued Oct. 21, 1997;
U.S. application Ser. No. 08/984,4773 filed Dec. 3,1997; U .S.
provisional patent application No. 60/031,555 filed Dec. 3,
1996 1n the names of Robert P. Vaudo, Joan M. Redwing,
Michael A. Tischler and Duncan W. Brown, the disclosures
of which are hereby incorporated herein by reference 1n their
entireties.

The substrate material can also be separated from the
(Ga,ALIn)N and/or chemically and/or mechanically
removed from the (Ga,Al,In)N material.

The HVPE growth process used to form the (Ga, Al, In)
N material in the method of the present imnvention may be
carried out by reacting a vapor-phase (Ga, Al, In) chloride
with a vapor-phase nitrogenous compound in the presence of
the substrate, to grow the (Ga, Al, In) nitride layer on the
substrate.

The nitrogen-containing compound may be any suitable
compound, such as ammonia, hydrazine, azides, nitrites,
amines, polyamines, etc.

The vapor-phase III-chloride advantageously i1s formed by
contacting vapor-phase hydrogen chloride with molten (Ga,
Al, In) to yield the vapor-phase (Ga, Al, In) chloride. The
molten (Ga, Al, In) desirably is of very high purity, prefer-
ably having a purity of at least “5-9s” (i.e., 99.999997%),
and more preferably having a purity of at least “7-9s” (i.e.,
99.9999999%%), as determined on a weight percentage basis
of the total weight of the source metal material.

The (Ga, Al, In)N material grown by the aforementioned
method may be grown at relatively high rate, e.g., at a
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orowth rate of at least 10 um/hour, more preferably of at
least 50 um/hour, and most preferably of at least 100
um/hour, to produce a (Ga, Al, In)N material with a low
threading dislocation defect density, e.g., less than 107
threading dislocation defects/cm®, more preferably less than
107 threading dislocation defects/cm®, and most preferably
less than 10°threading dislocation defects/cm®.

In a specific method aspect, the invention relates to a
method of forming a (Ga, Al, In)N material, comprising
depositing a (Ga, Al, In)N material layer on a substrate or
base structure by a HVPE growth process involving reaction
of (Ga, Al, In), hydrogen chloride and ammonia, and con-
ducted at a temperature of from about 985° C. to about
1010° C., at a growth rate of from about 50 to about 150
micrometers per hour, at a pressure of from about 10 to
about 800 torr, and at a molar ratio of ammonia to hydrogen
chloride of from about 20 to about 40.

The (Ga, Al, In)N material grown by the method of the
invention may be used as a substrate for fabrication thereon
of a microelectronic device or a device precursor structure,
by a process including deposition of device layers by a
suitable deposition technique, ¢.g., metalorganic chemical
vapor deposition (MOCVD), molecular-beam epitaxy

(MBE), efc.

The mvention relates 1n another aspect to a microelec-
tronic device or device precursor structure mncluding a layer
of the (Ga, Al, In)N material of the present invention. Such
device or precursor structure may be an optical, electrical,
optoelectronic, or other device, €.g., a device selected from
laser diodes, LEDs, detectors, bipolar transistors, Schottky

diode, permeable base transistors, high electron mobility
transistors (HEMTs), vertical MISFETs, etc.

Other aspects and features of the invention will be more
fully apparent from the ensuing disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross section TEM 1mage of a 100 ym thick
HVPE GaN sample grown at 1000° C. (low surface mobility
conditions), wherein FIG. 1(a) shows the film/substrate
interfacial region, FIG. 1(b) shows the film material ~4 yum
above the film/substrate interface, and FIG. 1(c) shows the
film material ~10 um from the film/substrate interface.

FIG. 2 1s a cross-section TEM of HVPE GaN on (0001)
sapphire grown at 1050° C. under otherwise similar growth

conditions to those under which the FIG. 1 GaN material
was grown (traditional optimal conditions).

FIG. 3 shows the dislocation density for several HVPE
GaN films, ranging from 10 to 300 um 1n thickness.

FIG. 4 1s a low magnification optical photograph of a
resulting large-area crack-free GalN wafer of 250 um
thickness, containing approximately 10 cm” of crack-free
material 1in the right-hand portion of the wafer.

FIG. § 1s a Nomarski interference-contrast microscope
image at 255 times magnification, of the surface of (a) a 200
um thick HVPE GaN film grown on sapphire under low
surface mobility conditions (including a growth temperature
of 1000° C.), and (b) the identical area after 20 additional
microns of HVPE growth under higher surface mobility
conditions (including a growth temperature of 1050° C.).

FIG. 6 shows an atomic force microscope (AFM) image
of a 2 micron by 2 micron arca of a MOVPE GaN film

orown on a low defect density HVPE GaN-on-sapphire
wafer.

FIGS. 7A and 7B show (at 42.5 times magnification)
corresponding 200 um thick GalN films grown at a rate of
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100 um per hour, but with the film 1 FIG. 7A grown at
1000° C. and the film in FIG. 7B grown at 1010° C., 10° C.

makes a large difference 1n terms of film cracking.

FIG. 8 1s a schematic representation of a GaN/InGaN light
emitting diode structure grown on an insulating substrate.

FIG. 9 1s a schematic representation of high voltage GaN
Schottky rectifier fabricated with free-standing HVPE GaN
material.

FIG. 10 1s a plot of double crystal x-ray rocking curve full
width at half maximum, 1n arcseconds, as a function of
orowth temperature for a series of 10 um thick GaN films

grown on (0001) sapphire by HVPE.

FIG. 11 1s a optical microscope 1mage at 645 times
magnification, showing a 10 um film of GaN grown at a
temperature of 1000° C. by HVPE at a growth rate of 120
um per hour (low surface mobility conditions), and reveal-
ing the surface pit structure of the resulting material.

FIG. 12 1s a optical microscope 1mage at 645 times
magnification, of a corresponding 10 ym film of GaN grown
at a temperature of 1050° C. by HVPE but otherwise at the
same process conditions used to produce the GaN sample of
FIG. 11 (traditional optimal conditions).

DETAILED DESCRIPTION OF THE
INVENTION, AND PREFERRED
EMBODIMENTS THEREOF

The disclosures of the following U.S. Patent Applications,
U.S. Patent and literature reference are hereby incorporated
herein by reference in their entireties: U.S. provisional
patent application No. 60/063,249 filed Oct. 24, 1997 1n the
names of Robert P. Vaudo, Joan M. Redwing, and Vivek
Phanse; U.S. application Ser. No. 08/984,473 filed Dec. 3,
1997; U.S. provisional patent application No. 60/031,555
filed Dec. 3, 1996 1n the names of Robert P. Vaudo, Joan M.
Redwing, Michael A. Tischler and Duncan W. Brown; U.S.
application Ser. No. 08/955,168 filed Oct. 21, 1997 1n the
names of Michael A. Tischler, Thomas F. Kuech and Robert
P. Vaudo; U.S. patent application Ser. No. 08/188,469 filed
Jan. 27, 1994 and 1ssued Oct. 21, 1997 as U.S. Pat. No.
5,679,152,

It will be understood that while the present mnvention 1s
described hereinafter primarily with specific reference to the
formation of GaN, the nitride material alternatively could be

formed of other (Ga, Al, In)N species.

As used herein, the term (Ga, Al, In) is intended to be
broadly construed to include the single species, Ga, Al, and
In, and well as binary and ternary compositions of such
Group III metal species. Accordingly, the term (Ga, Al, In)N
comprehends the compounds GaN, AIN, and InN, as well as
the ternary compounds GaAIN, GalnN, and AllnN, and the
quaternary compound GaAllnN, as species included 1n such
nomenclature. Accordingly, it will be appremated that the
ensuing discussion of GalN materials 1s applicable to the
formation of other (Ga, Al, In)N material species.

The process of the present invention may be employed to
produce a substantially crack-free, (Ga, Al, In)N material.
The prior art has been unable to produce a large area,
crack-free (Ga, Al, In)N material, as a result of thermal
coefficient of expansion (TCE) differences associated with
the growth of (Ga, Al, In)N material on lattice-mismatched
substrates. These deficiencies of the prior art are overcome
in the practice of the present invention, by forming the (Ga,
Al, In)N material at process conditions different from those
employed by the prior art, and that have surprisingly and
unexpectedly been found to produce the superior crack-free

and low defect density (Ga, Al, In)N.
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Low surface mobility conditions are utilized to increase
the tilt angle of threading dislocations from the growth
direction, increase the percentage of mixed TDs, and reduce
cracking in thick (Ga,AlIn)N material. Since large thickness
of substantially crack-free (Ga,Al,In)N material can be
produced (longer distance for TDs to meet) with TDs which
are angled with respect to the growth direction (angled TDs
are more likely to intersect with one another than TDs which
run parallel), low surface mobility conditions produce lower
TD density at the upper surface of the material, as compared
with (Ga,AlIn)N material produced by traditional optimal
conditions.

Low surface mobility process conditions, which are sig-
nificantly different than traditional optimal conditions,
enable crack elimination and defect density reduction com-
pared with the prior art. Under low surface mobility process
conditions, the time that a reactant molecule has available
for mncorporation into the crystal lattice 1s short compared
with the surface mobility involved. Although the molecules
incorporate, they do not have sufficient time to “find” the
most thermodynamically stable site. Consequently, there 1s
a trade-oflf between growth rate and surface mobility of
adsorbed species.

In general, when deviating from traditional optimal con-
ditions 1n the practice of the present invention, one may
reduce the surface mobility by decreasing growth
temperature, decreasing NH./HCI ratio, (when ammonia is
used as the nitrogen source reagent for the HVPE reaction—
reducing NH; flow since HCI flow over the Group III metal
directly effects growth rate), and/or increasing growth pres-
Sure.

The present invention 1s also based on the discovery that
a substantially crack-free, low defect density (Ga, Al, In)N
material may be formed on a substrate compatible therewith,
by an HVPE process conducted at specific low surface
mobility growth conditions which produce a (Ga, Al, In)N
material whose defects are predominantly threading dislo-
cations (TDs) that are angled with respect to the growth
direction, e.g., in the case of GaN as the (Ga, Al, In)N
material and (0001) sapphire as the substrate, the TDs being
angled with respect to the [0001] growth direction on such
substrate. In this respect, low surface mobility conditions
enhance the quantity and angle of tilted dislocations.

Both the angled dislocation and crack-free characteristics
of the (Ga, Al, In)N material of the present invention are
important to realizing low defect density (Ga,Al,In)N mate-
rial because, dislocations which are angled with respect to
the growth direction and each other, are more likely to
intersect and annihilate one another, than are dislocations
which run parallel to the growth direction and the ability to
achieve large film thickness without cracking enables the
dislocations more distance over which to annihilate.

FIGS. 1(a), (b) and (c¢) shows TEM photomicrographs of
GaN grown on (0001) sapphire in accordance with the
method of the present invention. At 1000° C. growth tem-
perature (low surface mobility conditions), the defects in the
GaN film are angled with respect to the [0001] growth
direction, as mechanism 1.

FIG. 1 1s a cross section TEM 1mage of a 100 um thick
HVPE GaN sample grown under low surface mobility
conditions (1000° C.), wherein FIG. 1(a) shows the film/
substrate interfacial region, FIG. 1(b) shows the film mate-
rial ~4 um above the film/substrate interface, and FIG. 1(c)
shows the film material ~10 um from the film/substrate
interface. As can be readily determined from the micro-
oraphs of FIG. 1, the predominant tilt angle of the TD
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population in the sample shown in FIG. 1 is well above 0.1°
and well below 40° and continue to be angled several
microns {rom the film/substrate interface.

To contrast with traditional optimal condtions, FIG. 2 1s a
cross-section TEM of HVPE GaN on (0001) sapphire grown
at 1050° C. under otherwise similar growth conditions to
those under which the FIG. 1 GaN material was grown. In
FIG. 2, the TDs run parallel to the growth direction through
a 10 um thickness of the material.

FIG. 3 shows the dislocation density for several HVPE
GaN films, ranging from 10 to 300 um 1n thickness. The
HVPE growth process of the invention has been found to
permit substantial defect reduction, most dramatically 1n the
first few microns of growth, but continuing for hundreds of
microns. For example, in the growth of GaN on (0001)
sapphire, at 300 um film thickness, the defect density was
reduced to 3x10° ¢cm™ (measured by extensive plan view
TEM) which is to our knowledge the lowest defect density
heretofore achieved for heteroepitaxially, large area depos-
ited GaN. FIG. 3 1llustrates the importance of mechnism 2,
annihilation over large film thickness. The above-described
GaN layers were deposited directly on 2" diameter (0001)
sapphire waters by HVPE, and no buffer layers or nucleation
layers were employed. The HVPE process enables high
orowth rates.

Thus, both the angled dislocation and large crack-free film
thickness combine to produce (Ga,AlIn)N material which
possesses lower defect density than that produced by the art.

The angled dislocations characteristic of the (Ga,AlIn)N
material of the present invention are propagated and during
the growth process (and increasing thickness of the material)
such defects intersect with and annihilate one another, to
produce a low defect density material. This 1s a surprising
development 1n the art. See for example W. Qian, et al.,
Appl. Phys. Lett. 66 (1995) 1252, which reflects the inability
of the prior art to cause such angled defect growth; in that
article, the researchers report an attempt to cause tilting of
the dislocations by use of a strained layer superlattice
beneath a GaN layer, but the GaN material grew without any
occurrence of the desired “bend-over” of the dislocations.

In a preferred embodiment of the mmvention, the low defect
density (Ga, Al, In)N material 1s formed on a substrate
compatible therewith, in which defects in the (Ga, Al, In)N
material are predominantly threading dislocations (TDs) that
are angled with respect to the growth direction by a tilt angle
that 1s predominantly (for at least 10% of the defects, more
preferably for at least 40% of the defects, and most prefer-

ably for at least 70% of the defects) in the range of from
about 0.1 to about 40°.

The (Ga, Al, In)N material may be initially formed on a
substrate, and the substrate may be removed to provide a
free-standing (Ga, Al, In)N article. The free-standing (Ga,
Al, In)N article may then serve as an independent base
substrate for device fabrication. The free-standing (Ga, Al,
In)N article may be further treated to remove the initial
monolayers of the (Ga, Al, In)N material to effect a substrate
with a lower defect density than that claimed herein.

Such removal of the 1nitially employed substrate from the
(Ga, Al, In)N material may be carried out in any suitable
manner, either 1n situ or ex situ, by any suitable means
and/or method, such as separation of the nitride material and
substrate, or chemical and/or mechanical removal tech-
niques.

As one example, the substrate may be removed in situ
from the (Ga, Al, In)N base layer after the (Ga, Al, In)N
material has been formed on the substrate, in the growth
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reactor and at or near temperature (of the (Ga, Al, In)N
material formation) as for example by the method disclosed

in the co-pending U.S. patent application Ser. No. 08/955,
168 filed Oct. 21, 1997 1n the names of Michael A. Tischler,

Thomas F. Kuech and Robert P. Vaudo for “Bulk Single
Crystal Gallium Nitride and Method of Making the Same,”

the disclosure of which hereby i1s incorporated herein by
reference 1n 1ts entirety.

As another example, the substrate may be removed from
the (Ga, Al, In)N material by subsurface implantation of
hydrogen or other suitable implantation species in the sub-
strate before formation of the (Ga, Al, In)N material thereon.
The substrate/(Ga,AlLIn)N material may thereafter be sub-
jected to elevated temperature and pressure conditions suit-
able for causing the implanted hydrogen to exert pressure on
the interface between (Ga,AlIn)N material and the substrate
to cause the separation of the (Ga,Al,In)N material and the
substrate from one another, to yield a free-standing (Ga, Al,
In)N material.

Such separation method may be practiced as an in situ
technique or alternatively as an ex situ technique.

As yet another example of removing the substrate from
the (Ga, Al, In)N material from the substrate, thermal
decomposition of a thin layer of (Ga, Al, In)N material using
laser irradiation may be employed to separate the (Ga,Al,
In)N material from the substrate. The laser energy must be
sufficiently high to permit absorbtion 1n a thin layer of the
(Ga,AlLIn)N material and thermally decompose the (Ga,Al,
In)N material, yet sufficiently low to permit transmission
through the substrate.

The resulting separated and free-standing (Ga,AlLIn)N
material may be of any suitable thickness, as for example a
thickness, e.g., >100 um, suitable for use of the (Ga,AlIn)N
material as a bulk substrate for device fabrication, or at
lesser thicknesses as a constituent layer for use 1 device
applications, e€.g, as a layer to be bonded or otherwise
provided on an underlying substrate or device precursor
structure.

FIG. 4 shows a low magnification optical photograph of
a resulting large-area crack-free GalN material of 250 um
thickness produced according to the present invention.
Implementation of the thermal decomposition procedure
was carried out using a Q-switched Nd:Yag laser
(wavelength=355 nm). The free-standing GaN material
shown in this photograph contains approximately 10 cm? of
crack-free material in the right hand portion (grid elements
in the photograph are 1 mmx1 mm) and has a defect density
less than 5x10° ¢cm™= at the upper surface of the GaN. The
GalN shown 1n FIG. 4 1s transparent and the surface i1s
specular to the eye. The resulting wafer 1s not fragile, can be
casily handled and cleaved. Such free-standing films repre-
sent a significant advance in the art of production of (Ga, Al,
In)N materials. The substrate upon which the (Ga,AlIn)N
material 1s deposited can be chosen to facilitate substrate
removal.

The (Ga, Al, In)N material of the invention may be
formed on a substrate, either with or without growth
nucleation, surface preparation of the substrate, buffer layer
(s), and/or use of intermediate layers between the (Ga,Al,
In)N material and the substrate, as may be necessary or
desirable 1n a given embodiment of the invention. Further, 1t
may be desirable 1in the broad practice of the present
invention to select the substrate and/or provide one or more
interlayers between the substrate and (Ga, Al, In)N material,
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to protect the substrate and the (Ga,Al,In)N material from
adverse effects during fabrication. The interlayers are also
employed to control the growth nucleation, structural prop-
erties or electrical properties of the (Ga, Al, In) N material.

With respect to the temperatures referred to herein, the
same are appropriately measured via a quartz-shielded ther-
mocouple that 1s placed 0.4 to 0.6 mches behind the growth
template, to ensure accuracy and reproducibility, in view of
the significant temperature gradients that typically exist in
growth furnaces that are employed for formation of (Ga, Al,
In)N materials.

As used herein, the term “large area” refers to a material
having a surface area at least 1 cm”., more preferably greater
than 10 cm®, and most preferably greater than 20 cm?. The
term “free-standing” means that the material 1s seli-
supporting in character, and does not have an associated
substrate or support 1n such form.

As used herein, the term “low defect density” means a
defect density of less than 1x10” defects/cm”.

The present mmvention may be practiced as hereinafter
more fully described, to form the low defect density (Ga, Al,
In)N material. It will be recognized that the defect density
will to some extent be affected by the purity of the reagents
employed i the HVPE reaction, and the purity of the
reagents employed—the (Ga, Al, In) chloride material, (Ga,
Al,In) metal material and/or the nitrogen-containing
material—should be as high as possible, desirably at least
“5-9” purity (i.e., at least 99.99999% by weight pure
component) and more preferably at least “7-9” purity (i.e.,
at least 99.9999999% by weight pure component). At such
purity levels, 1t 1s preferred to operate 1n a temperature and
ogrowth rate regime that will ensure the production of the low
defect density (Ga, Al, In)N material at a level below 10’
defects/cm”. It will be recognized that such temperature
and/or growth rate regime may be widely varied to achieve
this result. As an example of 1llustrative conditions that may
be advantageously employed to achieve this result for GaN
material, the temperature of the HVPE growth process may
be in the vicinity of 1000° C., as for example from about
950° C. to about 1010° C., at growth rates of at least 25
micrometers per hour. The growth rate may for example be
from about 25 micrometers to about 200 micrometers per
hour, at a pressure which does not significantly exceed
atmospheric pressure, €.g., which may range from about 10
to about 760 torr, or a superatmospheric pressure, €.g., in the
range ol from about 760 torr to about 1000 torr.

To achieve composition control and high quality material,

In-containing and Al-containing alloys require lower
(500-800° C.) and higher (1000 to 1300° C.) growth
temperatures, respectively.

The prior art has not utilized such combinations of growth
conditions to achieve low defect density (Ga, Al, In)N
materials, with a defect density below 10’ defects/cm® and
more preferably below 10° defects/cm?, such as (Ga, Al,
In)N materials of such low defect density character whose
defects are predominantly threading dislocations (TDs) that
are angled with respect to the growth direction.

Contrary to the practice of the present invention, the state
of the art in the field of growing (Ga, Al, In)N material at low
defect density levels has generally favored very different
growth process conditions than those described above for
practice of the present invention.

For example, considering only growth temperature as a
process variable, the art has typically used higher growth
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temperatures than those employed in the practice of the
present mvention, based on the premise that higher growth
temperatures (greater than ~1030° C.) provide smoother
surface morphology, better crystallinity and better or equal
optical properties than lower growth temperatures such as
those in the vicinity of 1000° C. that are preferably
employed to cause the angled dislocations 1n the practice of
the present mvention.

However, 1t has been demonstrated in our prior work that
in films of GaN grown on (0001) sapphire at 1050° C.,
defects are oriented along the [0001 | direction and result in
a relatively higher defect density than films grown at 1000°
C., due to the formation of angled dislocations for the latter
low surface mobility conditions. Such low defect density
material 1s produced under film growth process conditions
that differ from those employed in the prior art, generally
involving significantly lower growth temperatures (e.g.,
around 1000° C.) than employed in the art, and producing a
different and substantially lower defect density material.

It 1s to be acknowledged that some experimental work
involving the formation of Group III-V metal nitrides, as
conducted by researchers 1in the 1960s to 1970s, used lower
temperatures of 900 to 1000° C. and some more recent work
in the 1990s has utilized growth temperatures 1n the vicinity
of 1000° C., but such work has employed different process
conditions than the present invention, such as the ratio of
precursors for vapor-phase film formation (e.g., GaCl and
nitrogenous reagents in the case of GaN formation), growth
pressures and growth rates, pressures and reagents.

As a result, the prior art has failed to produce the
strikingly low defect density that 1s achieved by the present
invention.

Additionally, in some i1nstances, the prior art has
attempted the production of low defect density Group III-V
nitride material on patterned substrates, but such attempts
have been unsuccessful in producing a low defect density
(less than 107 cm™) that is homogeneous over a large area
(greater than 1 cmx1 cm) of the material.

By contrast, the present invention permits low defect
density (Ga, Al, In)nitride material to be produced in bulk
form having a high degree of homogeneity in defect density.

As used 1n such context, the term “bulk” means that in a
(Ga, Al, In)N material of three-dimensional (x, y, z)
character, the (Ga, Al, In)nitride material in each of the x and
y directions 1s at least 10 millimeters, and more preferably
oreater than 20 millimeters, and most preferably greater than
40 millimeters in length and the (Ga, Al, In)N material in the
z direction 1s at least 10 microns, and preferably greater than
100 microns, in height. In this respect of homogeneity of
defect morphology, the bulk materials of the present inven-
fion are to be distinguished from prior art production of
materials having a significant x,y dimensional extent and
carried out by lateral epitaxy techniques.

In a highly preferred embodiment of the invention, for
growth of low defect density (3x10° defects/cm®) GaN on
sapphire, Table I below sets out potentially useful process
conditions, including the specific process conditions
employed for production of such material (each denoted as
“Value” for the associated respective process variable), and
the corresponding preferred operating range (“Operating
range”), together with applicable commentary
(“Comments”).
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TABLE 1
Temperature  Growth Rate  Pressure
Description (C.) (um/hr) (Torr) NH,/HCI ratio
Value 1000 100 50 32
Operating 985-1010 50-150 10-800 20-40
range
Comments * o o

*Temperature depends on configuration and method of measurement
** A large range of growth pressure is intended, but other growth condi-

tions must be modified along with the growth pressure.
***NH,/HCI ratio towards the lower side of the range are more desirable.

A larger range of each of the variables 1n the previous
table may be usetully employed in the broad practice of the
present mvention, but there 1s a trade-off between them, as
described below.

At the extremely fast growth rates and lower than tradi-
fional growth temperatures that are employed in the practice
of the present invention to form low defect density materials,
the time that a reactant molecule has available for incorpo-
ration 1nto the crystal lattice 1s short compared with the
surface mobility involved. Although the molecules
incorporate, they do not have sufficient time to “find” the
most thermodynamically stable site. Consequently, there 1s
a trade-ofl between growth rate and mobility of adsorbed
surface species. For a given growth rate, there 1s a small
window of growth temperatures, growth pressures and NH,/
HC1 ratios that balance this trade-off

In general, when deviating from traditional optimal con-
ditions 1n the practice of the present invention, one may
reduce the surface mobility by decreasing growth
temperature, decreasing NH; flow (since Group III precur-
sor flow directly effects growth rate), and/or increasing
orowth pressure. One may therefore selectively vary these
process parameters to achieve a desired reduction of the
surface mobility characteristic 1in the growth system, and to
achieve a desired low defect density character of the (Ga, Al,
In)N material being formed on the substrate.

In this respect, low surface mobility conditions enhance
the quantity and angle of tilted dislocations.

In another aspect, the present invention contemplates a
two-stage growth process for the production of a low defect
density (Ga, Al, In)N material, wherein each stage has a
different growth temperature regime, the first stage being a
lower temperature regime, €.g., 1n the range for GaN, for
example, of from about 950° C. to about 1010° C., and more
preferably from about 985° C. to about 1010° C., and the
second stage being a higher temperature regime, e€.g., 1n the
range of from about 1020° C. to about 1200° C. By such
ramping of the growth temperature (and manipulation of the
growth rate-to-surface mobility tradeoff) from a low level
(to achieve a low defect density) to a high level (to smooth
out surface morphology and improve electrical properties),
a superior low defect density (Ga, Al, In)N material can be
produced. Note that the temperature at which the first stage
is carried out 1s hundreds of ® C. higher than prior art two
stage growth methods.

Concerning the ramped growth process according to the
present mnvention, as referred to hereinearlier, growth tem-
peratures for GaN on the order of 1000° C. may be employed
in accordance with the invention, to yield a GaN material
which has a low TD defect density (on the order of 10°
cm™~) with a large density (~10° cm™>) of hexagonal surface
pits, with depth as large as 10 to 30 microns. Such material
may however possess a high background electron
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concentration, which 1n the case of subsequent doping of the
film for device manufacture, makes 1t difficult to control
conductivity through the doping process. Growth tempera-
tures on the order of 1050° C. may be used as a “fix” relative
to such deficiency, to fill 1n pits, and lower background

clectron concentration, but such growth temperature condi-
tions do not achieve lower defect densities.

The two-stage ramped temperature process of the present
invention may be employed to overcome such difficulties. In
such process for the production of a low defect density GaN
material, for example, the first stage temperature regime
preferably is in the range of from about 950° C. to about
1010° C., and more preferably from about 985° C. to about
1010° C. The second stage temperature regime 1s preferably
in the range of from about 1020° C. to about 1200° C. This
process achieves a superior surface morphology and
improved electrical properties, as well as a low defect
density (Ga, Al, In) nitride material.

As an example of such two-stage process, the first stage
may be carried out to conduct HVPE formation of the (Ga,
Al, In) nitride material at a temperature of 1000° C. for a
period of two hours, to achieve a low defect density material,
followed by growth in the second step at a temperature of
1050° C. to attain smoother surface and lower electrical
characteristics of the product film material.

Concerning the morphology characteristics of the film
material 1n the formation of GaN, and the atorementioned
production of pits, we hypothesized that the hexagonal pits
are caused by limited surface mobility of the Ga and N
crowth constituents. To test this theory, we examined the
effect of surface mobility on the surface morphology of a
low defect density HVPE material. Increased growth tem-
perature 1ncreases the mobility of adsorbed species on the
orowth surface. Thus, HVPE overgrowth was carried out at
higher temperatures on HVPE samples with a high hexago-
nal pit density to determine the extent of 1n-fill of the pits.

In a speciiic embodiment of such ramped process, the first
and second stages of the process preferably are continuous,
and the temperature 1s ramped from the first stage tempera-
ture to the second stage temperature, whereby growth of the
(Ga, Al, In)N material is continuous through progress of the
first and second stages. The process may be conducted to
yield a product (Ga, Al, In)N material having a pit density
on a top surface thereof that is less than about 100 cm™. The
first stage of the process may be conducted to yield a (Ga,
Al, In)N material having a thickness of at least 100 ym, and
more preferably greater than 200 um, to minimize the

likelihood of cracking of the (Ga, Al, In)N film in the higher
temperature second stage of the process.

FIG. 5 1s a Nomarski interference-contrast microscope
image of the surface of (a) a 200 um thick HVPE GaN film
orown on sapphire under low surface mobility conditions,
and (b) the identical area after 20 additional microns of
HVPE growth under high surface mobility conditions.

The surface of the starting GalN film 1s shown i1n FIG.
S(a). The size and density of the hexagonal pits vary in the
images shown. For this sample, the largest pits were as large
as 20 microns 1n area and depth and the overall hexagonal
pit density was approximately 10° cm™>. The larger pits
shown 1n FIG. § were used as a reference for comparison
after overgrowth.

Higher temperature (high surface mobility) growth con-
ditions were found to improve the surface morphology of the
low defect density HVPE material. After 20 microns (10
minutes) of HVPE growth, the hexagonal pits were notice-

ably filled. FIG. §5(b) shows the surfaces after an additional
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20 um of growth for the i1dentical areas on the wafer shown
in FIG. 5(a). These photos show that the smaller pits were
completely filled in, while the largest pits were made
smaller.

These results verify that low temperature (low surface
mobility) HVPE growth of GaN leads to the pit formation.
However, low temperature (low surface mobility) nucleation
1s 1important for achieving low defect density. By combining
low temperature nucleation with the subsequent high tem-
perature surface smoothing growth, smooth, low pit density,
low defect density GaN-on-sapphire walers were produced.
Dislocation densities less than 5x10° cm™= and pit densities
less than 50 cm™ have been achieved by this two staged
growth process.

The overall surface of the HVPE GaN formed 1n accor-

dance with the present invention is suitable for epitaxial
orowth.

FIG. 6 shows an AFM 1mage of a 2 micron by 2 micron
arca of a 7 microns thick MOVPE GaN film grown on 200
microns thickness of a low defect density HVPE GaN-on-
sapphire wafer. The root mean square (RMS) roughness of
the area shown 1s ~0.17 nm. The MOVPE GaN f{ilm 1s 7
microns thick and 1s uncracked, indicating that the stress in
the GaN-on-sapphire has been released betore MOVPE
orowth. These results show that high quality epitaxial
crowth and device layer growth are achievable on the HVPE
low defect density material of the present invention.

The substrate for the (Ga, Al, In) N composition in the
broad practice of the invention may be formed of any
suitable material. Examples include sapphire, silicon, silicon
carbide, diamond, lithium gallate, lithium aluminate, zinc
oxide, spinel, magnesium oxide, gallium arsenide, silicon-
on-insulator, carbonized silicon-on-insulator, gallium
nitride, etc., mncluding conductive as well as msulating and
semi-insulating substrates, twist-bonded substrates, compli-
ant substrates, etc. The substrate may be patterned, ¢.g., with
a dielectric such as S10.,,, to permit direct growth on specific
regions of the substrate. Patterning could also be carried out
on an intermediate layer between the substrate and the (Ga,
Al, In) N material to be grown. In either case, the HVPE
process may be carried out to grow the (Ga, Al, In) N
material over the dielectric.

The low defect density material of the invention may be
formed by growing a (Ga, Al, In) N film on a compatible
substrate by HVPE at low surface mobility growth condi-
tions for sufficient time and under sufficient growth condi-
tions to produce a (Ga, Al, In) N film whose defects are
predominantly threading dislocations angled with respect to
the growth direction.

The optimum process conditions for growth of the (Ga,
Al, In) N material may be determined as described in the
“Summary of the Invention” section hereof, to first define
the value of the growth process variable (e.g., growth
temperature, ratio of precursors for vapor-phase film
formation, growth pressure and growth rate), at which the
traditional surface morphology, crystallinity and defect den-
sity are obtained for thinner growth layers (less than 10
microns). After the traditional optimal process condition of
the selected process variable 1s determined, the desired low
surface mobility process condition for the selected variable
in the vicinity of the traditional optimal value, can be
established, at which the defects in the vicinity of the
film/substrate interface 1s a denser network of tangled
defects (mixed defects) which transition with increasing film
thickness to defects which are predominantly threading
dislocations angled with respect to the growth direction.




US 6,943,095 B2

17

An optimal set of process conditions 1s amenable to
identification by appropriate correlation to the x-ray rocking
curves for the product material resulting from the process,
which then can be used to determine appropriate low surface
mobility (low defect density, angled dislocation) condition
(s). Such identification may therefore involve a correlation
which establishes appropriate confidence levels (coefficients
of variation) for the spread in double crystal x-ray rocking
curve (DCRC) full width at half maximum (FWHM) values
at a given set of process conditions and film thickness. By
way of specific example, for 10 um thick GaN films on
(0001) sapphire, traditional optimal DCRC FWHM 1s gen-
erally in the range of from about 200 to about 400 arcsec,
and more typically 1n the range of from about 250-350
arcsec, with suitable low surface mobility process conditions
producing samples with 50-250 arcsec higher values, €.g., in
the range of from about 350 to about 600 arcsec.

As mentioned earlier herein in the “Background of the
Invention” section herecof, the art has disclosed growth
processes for forming gallium nitride by techniques such as

MOVPE and HVPE which produce dislocations parallel to
the growth direction.

For example, W. Qian, et al., Appl. Phys. Lett. 66 (1995)
1252 disclose that for GaN on (0001) sapphire and (11-20)
sapphire: “[t]he defects which penetrate the GaN films are
predominantly perfect edge dislocations with Burgers vec-
tors of the ¥3<11-20> type, lying along the [0001] growth
direction . . . [t]he nature of these threading dislocations
suggests that the defect density would not likely decrease
appreciably at increased film thickness . . . [t]he x-ray
rocking curves [(0004) reflection] taken on these samples
have typical widths of 250-350 arcsec.”

B. Heying, et al., Appl. Phys. Lett. 68 (1996) 643
describes GaN grown on (0001) sapphire which has been
grown 1n two different MOVPE growth regimes. Although
the types of dislocations are different, the threading dislo-
cations in both cases, away from the film/substrate interface,
have a [0001] line direction. This article asserts that x-ray
measurements, such as may be employed in the practice of
the present invention to 1dentify an optimal process condi-
tion (symmetric rocking curve), is insensitive to edge type
threading dislocations and 1s only sensitive to screw dislo-
cation density. This characteristic, it accurate, 1s perhaps the
reason for the utility of the sub-optimization procedure that
may be usefully employed in the practice of the present
invention, but we do not wish to be bound by any theory or
possible mechanism, as regards the basis or rationale of
operability of the practice of the present imvention.

K. A. Dunn, et al., Mat. Res. Soc. Proc. 482 (1998) 417)
has reported TEM data from MOVPE and HVPE GaN films
on (0001) sapphire, and describes threading dislocations
away from the GaN/sapphire interface (>3 um) that are
“long, straight TDs whose tangent vectors are closely
aligned with the growth direction and c-axis of the GaN.”
The HVPE material studied by Dunn et al. was grown at
1050° C. at 120 um/hr (although the growth temperature was
not specified in this article).

The (Ga, Al, In)N growth process of the present invention
also achieves an advance over the prior art in the ability to
form thick, crack-free (Ga, Al, In)N layers. Cracking is the
result of substantial differences in thermal coeflicient of
expansion between the substrate and the film material being
orown thereon, and adversely affects the film and perfor-
mance properties of the resulting structure. The method of
the present invention substantially overcomes cracking
problems that have plagued prior art (Ga, Al, In)N materials
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by the use of lower temperatures 1n the growth process that
enable the growth of thicker films without cracking.

It 1s to be appreciated that the incidence and extent of
cracking 1s highly dependent on temperature. The speciiic
temperature and other process conditions usefully employed
in the practice of the present imnvention to produce a low
defect density material of desired crack-free character is
readily empirically determinable by those of ordinary skill in
the art, by selective variation of the process conditions and
characterization of the resulting material with respect to its
defect structure, defect density, and cracking susceptibility
or cracked character.

Lower surface mobility conditions (lower temperature)
surface mobility conditions (lower temperature) have been
found to be particularly critical mn reducing film cracking.
FIGS. 7A and 7B show (at 42.5 times magnification) cor-
responding 200 um thick GaN films grown at a rate of 100
um per hour, but with the film in FIG. 7A grown at 1000° C.
and the film in FIG. 7B grown at 1010° C., showing the
difference 1n cracking behavior attributable to a very small
difference 1n growth temperature.

The (Ga, Al, In) N material may be formed by a HVPE
growth process including reaction of vapor-phase (Ga, Al,
In) chloride with a vapor-phase nitrogenous compound (e.g.,
ammonia, hydrazine, amines, polyamines, etc.) in the pres-
ence of the substrate, to grow the (Ga, Al, In) nitride material
thereon. The vapor-phase galllum chloride may be formed
by contacting vapor-phase hydrogen chloride with molten
(Ga, Al, In) to yield the vapor-phase (Ga, Al, In) chloride,
wherein the molten (Ga, Al, In) preferably has a purity of

99.99999%%, and more preferably has a purity of
99.9999999 %.

As an example of the HVPE process of the present
invention, for formation of GaN on a substrate, HCl may be
passed over a source of high purity gallium (Ga), to form
volatile GaCl which 1s transported to a deposition zone
where it reacts with ammonia (NH,) to form GaN on the
substrate.

An analogous sequence may be employed to transport In
or Al which will allow the growth of (Ga, Al, In) N alloys.

The growth rate of the (Ga, Al, In) N material in the
HVPE process of the mvention may be any suitable film
orowth rate, e.g., at least 10 um/hour, more preferably at
least 50 um/hour, and most preferably at least 100 um/hour,
to produce a (Ga, Al, In) N material with a low threading
dislocation defect density, i.e., less than about 10’ threading
dislocation defects/cm” at the upper surface of the (Ga, Al,
In) N material, and more preferably less than about 10°

threading dislocation defects/cm” at the upper surface of the
(Ga, Al, In)N material.

The (Ga, Al, In) N material grown by the method of the
invention may be used as a substrate for fabrication thereon
of a microelectronic device or a device precursor structure,
by a process 1ncluding deposition of device layers by a
suitable deposition technique, ¢.g., metalorganic chemaical

vapor deposition (MOCVD), molecular-beam epitaxy
(MBE), etc.

The (Ga, Al, In)N material of the present invention may
be employed for the fabrication of a wide variety of optical
and electrical devices, including laser diodes, LEDs,
detectors, bipolar transistors, permeable base transistors,
high electron mobility transistors (HEMTs), vertical

MISFETs, Schottky rectifiers, etc.

As an 1llustrative example of a device embodiment of the
present invention, FIG. 8 1s a schematic representation of a
GalN/InGaN light emitting diode structure grown on an
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insulating substrate. Such GalN/InGaN LED structure 100
utilizes an 1mnsulating substrate 102 on which an n-type GaN
HVPE base layer 104 1s formed. The base layer 1s overlaid
by an n-type GaN layer 106, an intermediate (InGa)N active
layer 108 and an upper p-type GalN layer 110. The p-type
GaNN layer 110 has a p contact layer 112 formed thereon, and
the lower n-type GaN layer 106 has an n contact layer 114
formed on the right-hand portion thereof, 1n the view shown.
Such arrangement provides a lateral conduction path L. The
conductance 1n the n-type layer 1s directly proportional to
the thickness of that layer. Thus, the lateral conduction 1n a
device of the type shown may be easily increased by 3—4
times by adding a 10—15 microns thick n-type GaN HVPE
base layer to the original structure. In this device structure,

the GalN and/or InGaN layers may be formed by HVPE 1n
accordance with the mnvention.

As another 1llustrative example of a device embodiment
of the present invention, FIG. 9 1s a schematic representation
of a high power GaN Schottky rectifier fabricated on free-
standing GaN.

Recent research indicates that threading dislocations in
nitride devices act as scattering and non-radiative recombi-
nation centers that degrade device performance.
Accordingly, the low defect density (Ga, Al, In)N material
of the present invention achieves a substantial advance in the
art.

The (Ga, Al, In)N material of the present invention may

be employed as a substrate for epitaxial growth, e.g., for the
fabrication of Group III-V nitride devices of widely varying

type.

In addition to the foregoing discussion herein of the
failure of the art to produce the angled dislocation growth of
(Ga, Al, In)N material of the invention, and the teachings of
the prior art that contraindicate the temperatures and other
process conditions used 1n the practice of the present
invention, to be noted that the lower processing tempera-
tures employed 1n the present invention are also contrain-

dicated by DCRC and surface morphology studies.

As shown by FIG. 10, which 1s a plot of double crystal
x-ray rocking curve full width half mean, 1n arcseconds, as
a function of growth temperature for a series of 10 yum thick
GaN films grown on (0001) sapphire by HVPE, wherein
temperature was the only parameter varied for successive
test runs, higher temperature yields better crystallinity, as
evidenced by the reduced FWHM at increasingly higher
temperature.

Morphological studies are also suggestive that the higher
temperatures of the prior art are more beneficial, and that the
lower temperatures characteristic of the present mvention
arc less desirable.

FIG. 11 1s an optical microscope i1mage at 645 times
magnification, showing a 10 um film of GaN grown at a
temperature of 1000° C. (low surface mobility conditins) by
HVPE at a growth rate of 120 ym per hour, and revealing the
surface pit structure of the resulting material. FIG. 12 1s an
optical microscope 1mage at 645 times magnification, of a
corresponding 10 um film of GaN grown at a temperature of
1050° C. (higher surface mobility) by HVPE but otherwise
at the same process conditions used to produce the GaN
sample of FIG. 11. The FIG. 12 micrograph shows a much
smoother surface than that of the lower temperature sample
in FIG. 11 and the relative scarcity of pits. Thus, morpho-
logical considerations suggest away from the lower tem-
perature regime that 1s employed in the process of the
present mvention.

The present invention provides a technique for producing,
large area, substantially crack-free, low defect density, free
standing (Ga, Al, In)N substrates, e.g., of GaN.
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While the invention has been described herein with
respect to specific features, embodiments and aspects, 1t will
be appreciated that the invention i1s not thus limited, and
contemplates other variations, modifications and additional
embodiments. Accordingly, the invention hereafter claimed
1s to be broadly construed, to encompass all such variation,
modifications and alternative embodiment within its spirit
and scope.

What 1s claimed 1s:

1. A method of forming a (Ga, Al, In)N material, com-
prising carrying out the growth of said (Ga, Al, In)N material
on a substrate by an HVPE epitaxial growth process, under
low surface mobility growth conditions wherein one of the
low surface mobility growth conditions 1s characterized by
a growth pressure 1n the range from 10 torr to 1000 torr and
for suflicient time to form a low defect density, substantially
crack-free (Ga, Al, In)N material having a surface area of at
least 1 cm” and a defect density of 107 defects/cm” or lower,
wherein the defects comprise threading dislocations having
a t1lt angle substantially greater than 0.1 degree and the
HVPE epitaxial growth process 1s carried out to grow said
low defect density, large area, substantially crack-free (Ga,
Al, In)N material to a thickness of at least 10 gm.

2. A method according to claim 1, wherein the HVPE
epitaxial growth process 1s carried out at a temperature 1n a
range of from about 985° C. to about 1010° C.

3. A method of forming a (Ga, Al, In)N material, com-
prising carrying out the growth of said (Ga, Al, In)N material
on a substrate by an HVPE epitaxial growth process, under
low surface mobility growth conditions wherein one of the
low surface mobility growth conditions 1s characterized by
a growth pressure 1n the range from 10 torr to 1000 torr and
for suflicient time to form a low defect density, substantially
crack-free (Ga, Al, In)N material, having a surface area of at
least 1 cm” and a defect density of 10° defects/cm”, wherein
the defects comprise threading dislocations having a ftilt
angle substantially greater than 0.1 degree and the HVPE
epitaxial growth process 1s carried out to grow said low
defect density, large area, substantially crack-free (Ga, Al,
In)N material to a thickness of at least 10 gm.

4. A method according to claim 1, wherein the (Ga, Al,
In)N material is grown on a lattice-mismatched template

material.

5. A method of forming a (Ga, Al, In)N material, com-
prising carrying out the growth of said (Ga, Al, In)N material
on a substrate by an HVPE epitaxial growth process, under
low surface mobility growth conditions wherein one of the
low surface mobility growth conditions 1s characterized by
a growth pressure 1n the range from 10 torr to 1000 torr and
for suflicient time to form a low defect density, substantially
crack-free (Ga, Al, In)N material, wherein the (Ga, Al, In)N
material includes dislocations that are predominantly angled
with respect to the growth direction at a tile angle substan-
tially greater than 0.1 degree, said (Ga, Al, In)N material has
a surface area of at least 1 cm” and a defect density of 10’
defects/cm” or lower, and the HVPE epitaxial growth pro-
cess 1s carried out to grow said low defect density, large area,
substantially crack-free (Ga, Al, In)N material to a thickness
of at least 10 um.

6. A method according to claim 5, wherein the (Ga, Al,
In)N material includes dislocations that are predominantly
angled with respect to the growth direction by a tilt angle
less than about 40°.

7. A method according to claim 5§, wherein the disloca-
fions are at least 5 micrometers from the substrate in the
growth direction of the (Ga, Al, In)N material.

8. A method according to claim 1, wherein the (Ga, Al,
In)N material includes dislocations that are predominantly
mixed-type threading dislocations.




US 6,943,095 B2

21

9. A method of forming a (Ga, Al, In)N material, com-
prising carrying out the growth of said (Ga, Al, In)N material
on a substrate by an HVPE epitaxial growth process, under
low surface mobility growth conditions wherein one of the
low surface mobility growth conditions 1s characterized by
a growth pressure in the range from 10 torr to 1000 torr and
for suflicient time to form a low defect density, substantially
crack-free (Ga, Al, In)N material having a surface area of at
least 1 cm” and a defect density of 107 defects/cm” or lower,
wherein the defects comprise threading dislocations having
a t1lt angle substantially greater than 0.1 degree and the
HVPE epitaxial growth process 1s carried out to grow said
low defect density, large area, substantially crack-free (Ga,
Al, In)N material to a thickness of at least 10 um, wherein
the growth of the (Ga, Al, In)N material is conducted on a
substrate devoid of buffer layers or nucleation layers
thereon.

10. A method according to claim 1, wherein the (Ga, Al,
In)N material is grown on (0001) sapphire.

11. A method according to claim 9, wherein the (Ga, Al,
In)N material is grown directly on (0001) sapphire.

12. A method according to claim 11, wherein the (Ga, Al,
In)N material has dislocations that are angled with respect to
the growth direction.

13. A method according to claim 1, wherein the growth
process 1ncludes a first relatively lower temperature stage
producing a (Ga, Al, In)N material that includes a relatively
rougher growth surface and a relatively higher background
carrier concentration, followed by a second relatively higher
temperature stage producing a (Ga, Al, In)N material that
includes a relatively smoother top surface and a relatively
lower background carrier concentration in the (Ga, Al, In)N
material.

14. A method according to claim 13, wherein the first and
second stages are separated by a period of time during which
the temperature 1s ramped from a temperature level of the
first stage to a second higher temperature level of the second
stage.

15. A method according to claim 14, wherein growth of
the (Ga, Al, In)N material is continued during the period of
time between the first and second stages.

16. A method of forming a (Ga, Al, In)N material,
comprising carrying out the growth of said (Ga, Al, In)N
material on a substrate by an HVPE epitaxial growth
process, under low surface mobility growth conditions
wherein one of the low surface mobility growth conditions
1s characterized by a growth pressure 1n the range of 10 torr
to 1000 torr and for sufficient time to form a low defect
density, substantially crack-free (Ga, Al, In)N material hav-
ing a surface area of at least 1 cm”® and a defect density of
107 defects/cm” or lower, wherein the defects comprise
threading dislocations having a ftilt angle substantially
orcater than 0.1 degree and the HVPE epitaxial growth
process 1s carried out to grow said low defect density, large
area, substantially crack-free (Ga, Al, In)N material to a
thickness of at least 10 #m, and removing the substrate from
the (Ga, Al, In)N material.

17. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
from a (Ga,Al,In)N material with thickness in excess of 100
um.
18. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
in situ 1n a growth reactor 1 which the growth process is
conducted.

19. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
ex situ with respect to the growth process.
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20. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by an optically induced thermal separation technique.

21. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by mechanically rubbing off, grinding off and/or polishing
off the substrate from the (Ga, Al, In)N material.

22. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by etching away the substrate from the (Ga, Al, In)N
material.

23. A method according to claim 22, wherein the etching
comprises wet etching.

24. A method according to claim 22, wherein the etching
comprises dry etching.

25. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by a thermal fracture technique.

26. A method according to claim 16, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by an implanted species fracture technique.

27. A method according to claim 1, wherein the growth of
the (Ga, Al, In)N material is carried out for sufficient time to
form a (Ga, Al, In)N material of sufficient thickness to
eliminate cracking in (Ga, Al, In)N material grown thereon.

28. A method according to claim 1, wherein the growth of
the (Ga, Al, In)N material 1s carried out for sufficient time to
form a (Ga, Al, In)N material having a thickness of at least
25 um.

29. A method according to claim 1, wherein the growth of
the (Ga, Al, In)N material is carried out for sufficient time to
form a (Ga, Al, In)N material having a thickness of at least
50 um.

30. A method according to claim 1, wherein the growth of
the (Ga, Al, In)N material is carried out for sufficient time to
form a (Ga, Al, In)N material having a thickness of at least
100 ym.

31. A method according to claim 1, wherein the growth of
the (Ga, Al, In)N material is carried out for sufficient time to
form a (Ga, Al, In)N material having a thickness of at least
200 um.

32. A method of forming a low defect density (Ga, Al, In)
N material, comprising growing a (Ga, Al, In) N material on
a substrate by HVPE under growth conditions yielding a
(Ga, Al, In) N film in which the defects are predominantly
threading dislocations that are angled with respect to the
orowth direction at a tilt angle substantially greater than 0.1
degree, wherein the (Ga, Al, In)N film has a defect density
of 107 defects/cm” or lower, and the HVPE is carried out to
grow said (Ga, Al, In)N material to a thickness of at least 10
qm.

33. A method according to claim 32, comprising reacting
vapor-phase (Ga, Al, In) chloride with a vapor-phase nitrog-
enous compound 1n the presence of the substrate, to grow the
(Ga, Al, In) nitride layer on the substrate.

34. A method according to claim 33, wherein the nitrog-
enous compound 1s selected from the group consisting of
ammonia, hydrazine, amines, and polyamines.

35. A method according to claim 33, wherein the vapor-
phase (Ga, Al, In) chloride is formed by contacting vapor-
phase hydrogen chloride with molten (Ga, Al, In) to yield the
vapor-phase (Ga, Al, In) chloride.

36. A method for forming a low defect density GaN
material on a substrate, 1n which the defects in the GaN
material are predominantly threading dislocations that are
angled with respect to the growth direction of the GaN
material, said method comprising growing a GaN film on the
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substrate at low surface mobility conditions wherein one of
the low surface mobility growth conditions 1s characterized
by a growth pressure in the range from 10 torr to 1000 torr
to yield a GaN film having a defect density below 10’
defects/cm”.

37. A method according to claim 36, wherein the growth
conditions favor reduced surface mobility in one or more
variables selected from the group consisting of growth
temperature, ratio of precursors for vapor-phase film
formation, growth pressure and growth rate.

38. A method according to claim 36, wherein the growth
conditions favor reduced surface mobility 1n growth tem-
perature.

39. A method according to claim 36, wherein the condi-
tions favor reduced relative surface mobility 1n growth rate.

40. A method of growing a low defect density (Ga, Al, In)
N material on a substrate, comprising depositing (Ga, Al,
In)N material on the substrate by an HVPE growth process
under sufficient process conditions and for sufficient time so
that defects in the (Ga, Al, In) N material are predominantly
threading dislocations that are angled with respect to the
orowth direction of the material at a tilt angle substantially
orecater than 0.1 degree, and the HVPE growth process 1is
carried out to deposit said (Ga, Al, In)N material to a
thickness of at least 10 um, wherein the (Ga, Al, In)N
material has a defect density of 107 defects/cm*® or lower.

41. A method of forming a low defect density (Ga, Al,
In)N material, comprising depositing a (Ga, Al, In)N mate-
rial on a substrate by an HVPE process conducted at a
growth temperature in the range of from about 985° C. to
about 1010° C. and associated process conditions to provide
the (Ga, Al, In)N material with a dislocation defect density
of 10° defects/cm” or lower, wherein the defects comprise
threading dislocations having a ftilt angle substantially
oreater than 0.1 degree, and the HVPE process 1s carried out
to grow said low defect density (Ga, Al, In)N material to a
thickness of at least 10 um.

42. A method according to claim 41, wherein the growth
temperature is about 1000° C.

43. A method according to claim 41, wherein the growth
rate of the (Ga, Al, In)N material is from about 25 microme-
ters to about 200 micrometers per hour.

44. A method according to claim 41, wherein the growth
process 1s conducted at a pressure 1n the range of from about
10 to about 1000 torr.

45. A method according to claim 41, wherein the growth
process 1s conducted at a pressure in the range of from about
10 to about 800 torr.

46. A method according to claim 41, wherein the growth
rate 1s from about 50 to about 150 microns per hour.

47. A method according to claim 41, wherein the (Ga, Al,
In) N material 1s GaN and the GaN has a purity of at least
5-9s purity.

48. A method according to claim 41, wherein the (Ga, Al,
In) N material 1s GaN and the GaN has a purity of at least
7-9s purity.

49. A method according to claim 41, wherein the growth
rate 1s from about 100 microns per hour to about 200
microns per hour.

50. An HVPE process for forming a low defect density,
large area (Ga, Al, In)nitride material, comprising depositing
(Ga, Al, In)nitride material on a substrate at a temperature in
the range of from about 950° C. to about 1020° C., and
forming a (Ga, Al, In)nitride material having a surface area
of at least 1 cm” and a dislocation defect density of 10’
defects/cm”® or lower and a surface area of at least 10 cm?>,
wherein the defects comprise threading dislocations having,
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a t1lt angle substantially greater than 0.1 degree and the
HVPE process 1s carried out to grow said low defect density,
(Ga, Al, In)nitride material to a thickness of at least 10 gm.

51. A method of forming a (Ga, Al, In)N material,
comprising carrying out the growth of said (Ga, Al, In)N
material on a substrate by an HVPE epitaxial growth
process, under low surface mobility growth conditions
wherein one of the low surface mobility growth conditions
1s characterized by a growth pressure in the range from 10
torr to 1000 torr and for sufficient time to form a low defect
density, substantially crack-free (Ga, Al, In)N material,
wherein such low surface mobility growth conditions are
established so as to generate predominately threading dis-
locations angled with respect to growth direction of said
(Ga, Al, In)N material at a tilt angle substantially greater
than 0.1 degree, wherein the (Ga, Al, In)N material has a
surface area of at least 1 cm” defect density of 107 defects/
cm” or lower, and the HVPE epitaxial growth process is
carried out to grow said (Ga, Al, In)N material to a thickness
of at least 10 82 m.

52. Amethod according to claim 51, wherein the epitaxial
growth process comprises reacting vapor-phase (Ga, Al, In)
chloride with a vapor-phase nitrogenous compound in the
presence of the substrate, to grow the (Ga, Al, In)N material
on the substrate.

53. Amethod according to claim 51, wherein the epitaxial
orowth process 1s carried out at a temperature 1n a range of
from about 985° C. to about 1010° C.

54. A method according to claim 5, wherein the (Ga, Al,
In)N material has a defect density below 10° defects/cm”.

55. A method according to claim 54, wherein the dislo-
cations of said (Ga, Al, In)N material are predominantly
angled with respect to the growth direction by a tilt angle
less than about 40°.

56. A method according to claim 51, wherein the thread-
ing dislocations generated under such low surface mobility
orowth conditions are predominantly mixed-type threading
dislocations.

57. Amethod according to claim §, wherein the growth of
the (Ga, Al, In)N material 1s conducted on a substrate devoid
of buffer layers or nucleation layers thereon.

58. A method according to claim 51, wherein the (Ga, Al,
In)N material is grown on (0001) sapphire.

59. A method according to claim 5, wherein the (Ga, Al,
In)N material 1s grown directly on (0001) sapphire without
any buffer or nucleation layer thereon.

60. A method according to claim 51, wherein the growth
process includes a first relatively lower temperature stage
producing a (Ga, Al, In)N material that includes a relatively
rougher growth surface and a relatively higher background
carrier concentration, followed by a second relatively higher
temperature stage producing a (Ga, Al, In)N material that
includes a relatively smoother top surface and a relatively
lower background carrier concentration in the (Ga, Al, In)N
material.

61. A method according to claim 60, wherein the first and
second stages are separated by a period of time during which
the temperature 1s ramped from a temperature level of the
first stage to a second higher temperature level of the second
stage.

62. A method according to claim 61, wherein growth of
the (Ga, Al, In)N material is continued during the period of
time between the first and second stages.

63. A method of forming a (Ga, Al, In)N material,
comprising carrying out the growth of said (Ga, Al, In)N
material on a substrate by an HVPE epitaxial growth
process, under low surface mobility growth conditions
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wherein one of the low surface mobility growth conditions
1s characterized by a growth pressure 1n the range of 10 torr
to 1000 torr and for sufficient time to form a low defect
density, substantially crack-free (Ga, Al, In)N material,
wheremn said low surface mobility growth conditions are
established so as to generate predominantly threading dis-
locations angled with respect to growth direction of said
(Ga, Al, In)N material at a tilt angle substantially greater
than 0.1 degree, wherein said (Ga, Al, In)N material has a
surface area of at least 1 cm” and a defect density of 10’
defects/cm® or lower, with the HVPE epitaxial growth
process comprising growing said (Ga, Al, In)N material to a

thickness of at least 10 um, and subsequently removing the
substrate from the (Ga, Al, In)N material.

64. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
from a (Ga,Al,In)N material with thickness in excess of 100
{m.

65. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
in situ 1n a growth reactor 1 which the growth process is
conducted.

66. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
ex situ with respect to the growth process.

67. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by an optically induced thermal separation technique.

68. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
by mechanically rubbing off, grinding off and/or polishing
off the substrate from the (Ga, Al, In)N material.

69. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
by etching away the substrate from the (Ga, Al, In)N
material.

70. A method according to claim 69, wherein the etching
comprises wet etching.

71. A method according to claim 69, wherein the etching
comprises dry etching.

72. A method according to claim 63, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by a thermal fracture technique.

73. A method according to claim 63, wherein removal of
the substrate from the (Ga,Al, In)N material is carried out by
an 1mplanted species fracture technique.

74. A method according to claim 51, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material of sufficient thickness to
eliminate cracking in (Ga, Al, In)N material grown thereon.

75. A method according to claim 51, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least
25 um.

76. A method according to claim 51, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least
50 um.

77. A method according to claim 51, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least
100 ym.

78. A method according to claim 51, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least

200 um.
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79. A method according to claim 5, wherein the low
surface mobility growth conditions are characterized by at
least one growth process variable selected from the group
consisting of:

a growth temperature in the range of from about 950° C.
to about 1010° C.;

a growth pressure 1n the range of from about 10 to about
1000 torr;

a growth rate 1n the range of 25 micrometers to about 200

micrometers per hour.

80. A method according to claim 79, wherein the low
surface mobility growth conditions are characterized by a
growth temperature in the range of from about 950° C. to
about 1010° C.

81. A method according to claim 79, wherein the low
surface mobility growth conditions are characterized by a
crowth temperature of about 1000° C.

82. A method according to claim 79, wherein the low
surface mobility growth conditions are characterized by a
orowth pressure 1n the range of from about 10 to about800
torr.

83. A method according to claim 79, wherein the low
surface mobility growth conditions are characterized by a
orowth rate 1n the range of from about 50 to about 150
micrometers per hour.

84. Amethod according to claim 79, wherein the epitaxial
orowth process 1s carried out at a temperature 1n a range of
from about 985° C. to about 1010° C.

85. A method according to claim 79, wherein the (Ga, Al,
In)N material has a defect density below 10° defects/cm”.

86. A method according to claim 79, wherein the thread-
ing dislocations generated under such low surface mobility
ogrowth conditions are predominantly angled with respect to
the growth direction by a tilt angle less than about 40°.

87. A method according to claim 79, wherein the thread-
ing dislocations generated under such low surface mobility
growth conditions are predominantly mixed-type threading
dislocations.

88. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is conducted on a substrate
devoid of buffer layers or nucleation layers thereon.

89. A method according to claim 79, wherein the (Ga, Al,
In)N material is grown on (0001) sapphire.

90. A method according to claim 79, wherein the (Ga, Al,
In)N material 1s grown directly on (0001) sapphire without
any buffer or nucleation layer thereon.

91. A method according to claim 79, wherein the growth
process includes a first relatively lower temperature stage
producing a (Ga, Al, In)N material that includes a relatively
rougher growth surface and a relatively higher background
carrier concentration, followed by a second relatively higher
temperature stage producing a (Ga, Al, In)N material that
includes a relatively smoother top surface and a relatively
lower background carrier concentration in the (Ga, Al, In)N
material.

92. A method according to claim 91, wherein the first and
second stages are separated by a period of time during which
the temperature 1s ramped from a temperature level of the
first stage to a second higher temperature level of the second
stage.

93. A method according to claim 92, wherein growth of
the (Ga, Al, In)N material is continued during the period of
fime between the first and second stages.

94. A method according to claim 79, further comprising
removing the substrate from the (Ga, Al, In)N material.

95. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
from a (Ga,Al,In)N material with thickness in excess of 100

um.
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96. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
in situ 1n a growth reactor 1 which the growth process 1s
conducted.

97. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
ex situ with respect to the growth process.

98. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
by an optically induced thermal separation technique.

99. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by mechanically rubbing off, grinding off and/or polishing
off the substrate from the (Ga, Al, In)N material.

100. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
by etching away the substrate from the (Ga, Al, In)N
material.

101. A method according to claim 100, wherein the
ctching comprises wet etching.

102. A method according to claim 100, wherein the
ctching comprises dry etching.

103. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material is carried out
by a thermal fracture technique.

104. A method according to claim 94, wherein removal of
the substrate from the (Ga, Al, In)N material 1s carried out
by an implanted species fracture technique.

105. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material of sufficient thickness to
eliminate cracking in (Ga, Al, In)N material grown thereon.

106. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least
25 um.

107. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least
50 ym.

108. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time

to form a (Ga, Al, In)N material having a thickness of at least
100 um.

109. A method according to claim 79, wherein the growth
of the (Ga, Al, In)N material is carried out for sufficient time
to form a (Ga, Al, In)N material having a thickness of at least

200 um.
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110. A method according to claim 3, wherein the HVPE
epitaxial growth process 1s carried out at a temperature 1n a
range of from about 985° C. to about 1010° C.

111. A method according to claim 3, wherein the (Ga, Al,
In)N material is grown on a lattice-mismatched template
material.

112. A method according to claim 3, wherein said thread-
ing dislocations are predominantly angled with respect to the
growth direction by a tilt angle less that 40°,

113. A method according to claim 3, wherein the (Ga, Al,
In)N material is grown on sapphire.

114. A method according to claim 3, wherein the growth
process 1ncludes a first relatively lower temperature stage
producing a (Ga, Al, In)N material that includes a relatively
rougher growth surface and a relatively higher background
carrier concentration, following by a second relatively
higher temperature stage producing a (Ga, Al, In)N material
that 1includes a relatively smoother top surface and a rela-
tively lower background carrier concentration in the (Ga, Al,
In)N material.

115. A method according to claim 3, further comprising
removing the substrate from the (Ga, Al, In)N material.

116. A method according to claim 3, wherein the thickness
1s at least 50 um.

117. A method according to claim 3, wherein said thick-
ness 1s at least 100 um.

118. A method according to claim 3, wherein the low
surface mobility growth conditions are characterized by at
least one growth process variable selected from the group
consisting of:

a growth temperature in the range of from about 950° C.
to about 1010° C.;

a growth pressure 1n the range of from about 10 to about
1000 torr;

a growth rate in the range of 25 micrometers to about 200
micrometers per hour.

119. A method according to claim 3, wherein the growth

rate of the (Ga, Al, In )N material is from about 25
micrometers to about 200 micrometers per hour.
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